We present dynamic adiabatic bulk modulus data for three organic glass-forming liquids: two van der Waal's liquids, trimethyl-pentaphenyl-trisiloxane (DC705) and dibuthyl phtalate (DBP), and one hydrogen-bonded liquid, 1,2-propanediol (PD). All three liquids are found to obey time-temperature superposition within the uncertainty of the measurement in the adiabatic bulk modulus. The bulk modulus spectra are compared to the shear modulus spectra. The time scales of the two responses were found to be similar. The shapes of the shear and bulk modulus alpha loss peak are nearly identical for DBP and DC705, while the bulk modulus spectrum for PD is significantly broader than that of the shear modulus. The data further suggest that a "bulk modulus version of the shoving model" for the temperature dependence of the activation energy using the bulk modulus relaxation strength, K(T), works well for DC705 and DBP, but not PD, while a formulation of the model using the high-frequency plateau value, K ∞ (T), gave a poor result for all three liquids. © 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
As liquids are cooled below the melting point without crystallizing, the viscosity increases enormously. [1] [2] [3] This has the effect that all thermal, mechanical, electrical, etc., response functions become time or, equivalently, frequency dependent on a time scale of seconds to hours, even days or weeks, 4, 5 i.e., the liquids display both liquid and solid behavior, depending on the time scale of observation.
Understanding the microscopic dynamics leading to the observed macroscopic behavior of supercooled liquids is the goal of the study of viscous liquid dynamics and glass formation. Direct access to the dynamics on a microscopic level is however difficult at best; experimentally accessible quantities are mostly macroscopic. But different macroscopic response functions probe the underlying microscopic dynamics in different ways, and thus understanding the relation between the different response functions is an important step towards understanding the nature of viscous liquids.
The bulk modulus is the pressure response to a shape preserving volume deformation, defined as K = −V δp δV . Such a response can be measured under two different conditions, namely, adiabatic (K S ) or isothermal (K T ). Whether the isothermal or the adiabatic bulk modulus is measured depends on the geometry and size of the measuring cell and the frequency range explored.
Data on the dynamic bulk modulus are scarce in literature, because measuring this quantity is a notoriously difficult task and few techniques exist that meet the challenge. In the literature, studies exist, e.g., Refs. 6-9, that report bulk moduli determined indirectly from a measured set of other elastic moduli, thus utilizing the fact that for isotropic solids there are only two independent elastic constants. 10 But one has to be very cautious when doing so and make sure that the two moduli are measured under identical experimental conditions. Otherwise, there is the risk that spurious effects due to, e.g., difference in temperature calibration, dominate the results. This issue is discussed by Tschoegl and Knauss 11 and we return to this topic below in Sec. III B.
To the best of our knowledge, only three fundamentally different techniques that give a direct measure of the dynamic bulk modulus are described in the literature: the dilatometric method pioneered by Goldbach and Rehage 12 and later taken up by Simon and co-workers, 13, 14 the "acoustic method" first developed by McKinney et al. 15 and later described by Knauss and co-workers, 16, 17 and the piezo-electric bulk modulus gauge (PBG) technique 18 developed in our group some time ago for measuring the adiabatic bulk modulus K S (ω). In the "dilatometric method" a liquid-filled sample chamber is connected to a capillary. The sample's volume response to an imposed step in pressure is monitored by the height of the liquid in the capillary. 12 Using a pressure gauge with a feedback mechanism makes it possible to keep the sample volume fixed and monitor the pressure change instead. 13, 14 The "dilatometric method" is a time-domain technique and quite long times are monitored (∼10 2 − 10 6 s). Thus, the measured quantity is the isothermal bulk modulus (or bulk creep compliance). In the "acoustic method" piezo-electric plates are used in a transmitter-receiver mode: one plate is used to generate an oscillating hydrostatic pressure change in the oil surrounding the sample causing a volumetric deformation of the sample. The other disc then detects pressure changes in response. This technique works in the frequency domain (covers roughly 10 − 1000 Hz) and measures the adiabatic bulk modulus.
Here, we present results obtained with PBG technique.
to 10 kHz). The thermal diffusion length at all frequencies is much smaller than the sample dimension, which means that we measure the adiabatic bulk modulus, K S . The paper is structured as follows: After an introduction to the technique in Sec. II, we proceed to present our results in Sec. III. First, we show the raw data for the measured dynamic adiabatic bulk moduli (Sec. III A), and then analyze the data in terms of relaxation times (Sec. III B), spectral shapes (Sec. III C) -also in comparison to their shear mechanical counterparts -the relaxation strength (Sec. III D), and finally, we test a bulk modulus version of the shoving model (Sec. III E).
II. EXPERIMENTAL DETAILS
The PBG technique utilizes the coupling between the capacitance of a piezo-electric spherical shell and the stiffness of a liquid inside the shell. The bulk transducer is a spherical shell of piezo electric ceramic material polarized in the radial direction. The inner and outer surfaces of the shell are coated with silver electrodes and connected to an ac voltage generator. The potential difference between the inner and outer surface of the transducer causes the polarized shell to deform, thus inducing a bulk deformation of a liquid contained within the piezo electric shell. The motion of the shell is hindered by the stiffness of the liquid, and the measured capacitance of the shell thus depends on whether the transducer is empty and freely moving or filled. By measuring the difference between the capacitance of the empty transducer (the "reference measurement") and the liquid-filled transducer (the "liquid measurement"), the bulk modulus of the liquid can be calculated, see Refs. 18-20 for more details.
The transducer has a small hole at the top and is equipped with a tube that functions as a liquid reservoir. Figure 1 shows a sketch of the device. When the transducer is loaded at room temperature, it is filled with liquid to the top of the tube. This ensures that the sphere is always filled with liquid, also at FIG. 1. Sketch of the bulk transducer (PBG). 18, 19 The device consists of a shell made of a piezo-electric ceramic material coated with silver electrodes on the inside and outside. Wires connect the two electrodes to a voltage generator. The inner diameter of the sphere is 18 mm and the thickness of the ceramics is 0.5 mm. A small hole (diameter d = 1.9 mm) in the shell makes it possible to fill the bulk transducer with liquid. A tube acting as a liquid reservoir is attached on top of the hole. This ensures that the sphere is always filled with liquid, even as the liquid contracts upon cooling. lower temperatures where the liquid volume decreases due to thermal contraction. The presence of the hole limits the frequency range for measuring the bulk modulus, since the liquid is able to flow out of the sphere at low frequencies (how low depends on the viscosity of the liquid and thus on the temperature). As shown recently, it is possible however to extend the frequency range by modeling the flow through the hole and subtracting the contribution to the measured signal. 19, 20 On the high frequency side, the frequency window is limited by the mechanical resonance of the transducer, which lies between 10 and 100 kHz. Consequently, we are able to measure the dynamic bulk modulus in a wide dynamical range from roughly 10 mHz to 10 kHz.
Temperature is controlled in a closed-cycle cryostat with a temperature stability of ∼10 mK and an absolute temperature uncertainty of less than 0.1 K. The temperature control and measuring setup is described in detail in Refs. 21 and 22. Temperature stability is crucial for the calculation of the bulk modulus, since it relies on good agreement between liquid and reference measurement. The properties of the transducer itself depends both on temperature and thermal history (discussed in Refs. 19 and 23), so it is essential that the experimental protocol for the two measurements is identical.
The studied liquids are trimethyl-pentaphenyl-trisiloxane (DC705), dibuthyl phtalate (DBP), and 1,2-propanediol (PD). All liquids were purchased from Sigma-Aldrich. DC705 and DBP were used as acquired, PD was dried for several hours in a vacuum exicator at ambient temperature. These liquids were chosen because data from other response functions (in particular, shear modulus data) exist for comparison. In addition, they are stable and easy to handle at room temperature. Figure 2 shows real and imaginary parts of the bulk modulus for DBP, DC705, and PD. The data exhibit a transition in the real part from a low-frequency level, K 0 , corresponding to a liquid-like response, to a high frequency level, K ∞ , corresponding to a solid-like response (however, the high frequency plateau is not reached for all temperatures due to the upper limit in frequency span). This transition shows up as a peak in the imaginary part that moves down in frequency with decreasing temperature.
III. RESULTS

A. The raw data
For all liquids, the peak height increases with decreasing temperature, corresponding to an increase in relaxation strength, K. For DC705, however, the increase at the lowest temperatures is anomalously high. This is presumably an artifact of a combination of two factors in the measurement and subsequent analysis, namely, (1) a slight difference in the frequency dependence of the liquid and the reference spectrum, and (2) an imperfect filling of the transducer at the lowest temperatures: (1) The piezo-electric ceramic material of the transducer has a weak frequency dependence at low frequencies due to dispersion of permittivity of the ceramics. The data analysis relies on the premise that this frequency dependence is the same for the liquid and the reference measurement. The raw capacitance data of DC705 show a slight mismatch in the 
FIG. 2. Real and imaginary parts of bulk modulus for DBP (a)+(b), DC705 (c)+(d), and PD (e)+(f)
. At low frequencies, a (non-vanishing) liquid-like plateau is observed in the real part of the modulus; at high frequencies, a solid-like (higher) plateau is approached. For most of the temperatures, the solid-like plateau is however outside the frequency window. Both plateau values increase as the temperature is lowered. Between the two plateaus there is a transition from liquidlike to solid-like behavior, which shows up as a peak in the imaginary part. As with all dynamical quantities in a liquid close to the glass-transition temperature, the characteristic time of this transition is dramatically increased with decreasing temperature; here, changing 5 orders of magnitude with a temperature change of only 15 K (corresponding to roughly 6%) in the case of DC705.
frequency dependence, however, which results in an increasing imaginary part and a small slope on the plateaus of the real part of the bulk modulus. (2) The aforementioned flow to and from the reservoir gives rise to a resonance at low frequencies -the "Helmholtz resonance" 20 -which can be subtracted from the raw data to extend the frequency range of calculated bulk modulus. This subtraction should in principle result in an imaginary part that goes to zero on both sides of the loss peak, and a real part with constant high and low frequency plateaus. For DC705, the low-frequency side of the loss peak does not go to zero at the lowest temperatures even after subtracting the contribution from the Helmholtz resonance. This is sometimes seen when the liquid for some reason is not able to draw in extra liquid from the reservoir at the lowest temperatures, resulting in a cavity inside the transducer that breaks the spherical symmetry. The accuracy of the bulk modulus for the lowest three temperatures is hence poorer than the other temperatures. We made a conservative low-frequency cutoff of the data to avoid these artifacts, but they can still influence the shape of the low-frequency flank of the alpha-relaxation peak. We do, however, believe that the high-frequency side of the peak remains unaffected by these problems and that the extracted relaxation times are correct within the overall accuracy of the data sets.
In the data, there is a slight upturn of the real part as the high frequencies are approached. This is an artifact of the inversion procedure described in the previous paragraph. It comes from the fact that the first resonance of the liquid-filled PBG is located at a slightly lower frequency compared to the empty device. Thus, the procedure that eliminates the effect of dispersion of the ceramic at low frequencies, introduces a small artifact towards the high frequencies.
B. Relaxation times
To quantify the temperature dependence of the relaxation time for the bulk modulus, we estimated the loss-peak frequencies of the imaginary parts by fitting a second-order polynomial to the maximum nine points (which corresponds to less than half a decade in frequency) around the maximum of log(f) vs log(K ) This is usually a good measure of the time scale of the alpha relaxation. However, when the data are noisy this procedure may lead to errors and thus we also defined an integrated (or "average") relaxation frequency as the normalized real part integrated over all frequencies, 51, 52 
where f is the frequency. The factor 1/π 2 ensures that this integral gives 1/(2πτ ) if applied to an exponential. This expression yields slightly faster relaxation times (or higher average frequencies) than the peak frequency, because of the stretched, non-exponential relaxation, which is a hallmark feature of viscous liquids. Figure 3 (a) shows a plot of the loss-peak frequency and the average frequency as a function of temperature. As expected the peak frequencies are slightly lower than the average frequency, but otherwise the two measures of time scale are proportional. There are slightly fewer temperatures for which the average frequency could be determined. This is because the spectra at high temperatures get cut off by the experimental frequency window, thus making it impossible to do the integration reasonably, while it is still possible to determine a peak frequency. All three liquids display a nonArrhenius behavior of bulk relaxation time, in harmony with the corresponding shear modulus data. 24 Unfortunately, these shear modulus measurements were not carried out in the same cryostat as the bulk modulus measurements. To compare the temperature dependence of the time scales reliably, the absolute temperature difference between cryostats was calibrated by means of dielectric measurements, resulting in adjustments up to ±1.5 K of the temperatures.
In the relaxation map, the time scales for bulk and shear moduli are difficult to distinguish, in particular when we want to quantify whether the time scales are coupled (i.e., proportional) or possibly have different temperature dependence. The "time scale index" 25 (defined as the ratio of the characteristic times of the two response functions as a function of temperature) is a very sensitive measure for this. In Fig. 3(b) , we compare the bulk relaxation time scale to the corresponding shear time 53 by calculating the "time scale index" both for the determined peak frequencies (full symbols) and the average frequencies (open symbols). There is no clear trend in the temperature dependence of the time scale index; the result depends on how the time scale is defined. For DC705, there is a lot of scatter in the peak frequency measure, while the average frequencies give a nearly constant time scale index. For DBP, the overlap in temperatures of the two measurements was small so we have only four time scale index points. Here, the peak frequency measure seems to have an increasing trend with temperature while the average frequency measure is nearly constant. For PD, the time scale index is positive when the peak frequencies are used, while it is negative when we use the average frequencies. Earlier studies of shear and bulk modulus relaxation 6, 7, 26 have shown that the shear relaxation is faster than the bulk modulus relaxation and again recently this was found 20 to be the case for two liquids with a temperature-independent factor of around 0.4 decade (shown in Fig. 3(b) for comparison) . In the present case, there is notably more noise and in contrast to Hecksher et al., 20 the compared measurements are performed in different cryostats. The time scale index is quite sensitive to small errors both in temperature and in relaxation times, 19 so although we have tried to eliminate sources of error, we have to be cautious about drawing conclusions. For PD, the decoupling seems persistent, though, while Fig. 3(b) indicates that the time scales of shear and bulk modulus for DC705 and DBP are identical within the noise of the data.
The decoupling or coupling of time scales in general for viscous liquids is a matter of debate. Often studied are the Stokes-Einstein and Debye-Stokes-Einstein relations D∝T/η linking the translational or rotational diffusion D of a (large) object suspended in the liquid to the viscosity η. These quantities are often found to decouple with decreasing temperature, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] especially if the tracer molecule is comparable in size to the molecules of the matrix. Studies of time scales of different response functions -such as dielectric constant and shear modulus -on the other hand often show weak or no decoupling, 20, 25, 26, [38] [39] [40] [41] [42] but examples exist where the opposite is observed. 43 The lack of generality in the literature and in the present results could well be due to differences in experimental conditions (especially the temperature calibration of different cryostats, but also different samples), which once again stresses the importance of having accurate and reproducible temperature control and only comparing response functions that are measured simultaneously or at least under identical experimental conditions.
C. Spectral shapes
We proceed to examine the temperature dependence of the spectral shapes of the bulk modulus data, in particular if time-temperature superposition (TTS) is obeyed. TTS refers to the notion of a temperature-independent spectral shape of the alpha relaxation that simply shifts on the time/frequency axis as temperature is changed. Thus, TTS is obeyed whenever a collapse of data is obtained by scaling the loss by the loss peak height and the frequency by the loss-peak frequency. Figure 4 shows TTS plots of the three liquids. The top two panels show the standard plot, i.e., loss modulus as a function of frequency scaled to the values where the curve has its maximum. We show this plot on both a linear (top panel) and a logarithmic (middle panel) axis. The bottom panel shows a so-called Cole-Cole plot. This is a parameterized plot displaying the imaginary part as a function of the real part both scaled by the overall relaxation strength K = K ∞ − K 0 (see Sec. III D below for details on how the scaling parameters were determined). This is a convenient way of showing both the real and imaginary parts in one plot scaled by the same factor. The Cole-Cole representation of the data is also quite sensitive to deviations from TTS.
The bulk modulus data show a nice collapse in both representations and we thus conclude that TTS is obeyed for all the liquids within the noise of the data, except for a very small deviation of the high-frequency side of the loss peak for DBP. This deviation could be due to a secondary process at higher frequencies, which would be in agreement with both dielectric data showing a low-intensity beta process around 10 6 Hz 44 and shear data, 24 where the onset of a beta process is seen in the same temperature interval. The frequency window of the bulk modulus data does not allow a definite identification of a beta process for the measured temperatures. The temperature window could be extended slightly corresponding to a change in the alpha loss-peak frequency of roughly two decades, which would reveal if the observed deviation evolves into a beta feature. The absence of a secondary process for DC705 is consistent with both shear and dielectric measurements, while the same is only partly true for PD. For this liquid, shear measurements show TTS, while dielectric measurements exhibit a wing at high frequencies. 45 In Fig. 5(a) , we show a common TTS plot of the bulk modulus spectra of all three liquids with asymptotic low-and high-frequency power laws indicated by dashed lines. All liquids display an approximate low-frequency Maxwell model behavior, i.e., K ∝f, as expected for a terminal pure viscous behavior. For DBP, a slightly steeper slope is seen; this is most likely a measurement error arising from imperfect matching of liquid and reference measurement. At high frequencies, DBP and DC705 have similar shapes with an asymptotic power law of slope −0.4, while PD has a smaller slope of about −0.25 and thus a much broader spectrum. Consequently, we do not in general find a correlation between TTS and a high-frequency power law of −0.5 (as found in dielectrics in Refs. 45 and 46) for the bulk modulus spectra.
Figures 5(b)-5(d) show the TTS plots of the bulk spectra for each of the three liquids together with their corresponding shear modulus spectra. Shear modulus measurements 24 indicate the existence of a mechanical beta process for DBP (although the peak of this relaxation was outside the frequency interval of the measurements). When comparing to the bulk modulus spectra, it is possible that the high-frequency deviation from a pure power law is a beta process appearing in the bulk modulus, as well. Bulk and shear modulus spectra are very similar within the noise and measurement errors for DC705 and DBP. For PD, there is near perfect collapse at low frequencies while the high-frequency power laws are significantly different, the bulk modulus having a much broader spectrum.
D. Relaxation strength
In Fig. 6(a) , the high-and low-frequency levels of the bulk modulus are shown as functions of temperature relative to T g . T g was defined as the temperature at which the loss-peak frequency is 1 mHz found by extrapolating the loss peaks in Fig. 3 fitted to a VFT-expression. The plateau values are not always within the accessible frequency window for all temperatures, and thus we determined the high-and low-frequency levels of the bulk modulus from fitting to the extended Maxwell model, 18, 47, 48 
Here, K 0 and K ∞ are the low-and high-frequency plateau levels, τ is the (alpha) relaxation time, and q and α are fitting Bulk (large symbols) and shear (black dots) modulus spectra are very similar for DBP and DC705, except for a slightly broader low frequency side for DC705 (which could be due to measurement errors, see text for details) and a less evident secondary relaxation in DBP at high frequencies. For PD, on the other hand, there is excellent overlap on the low-frequency side of the peak, while there is a significant difference in the high-frequency asymptotic power laws; the bulk modulus having a smaller slope than the shear modulus.
parameters expressing the peak width and the high frequency slope of the loss peak, respectively.
To limit the number of parameters in the fit and since all liquids obey TTS within the noise, we have chosen to fit the data for each liquid with a temperature independent set of the shape parameters q and α. The best values of these two J. Chem. Phys. parameters were found by fitting the frequency spectrum of the temperature with the most data points on both sides of the loss peak to the expression in Eq. (2) with all parameters varying freely. For DBP that temperature is T = 186 K, for DC705 T = 243 K, and T = 177 K for PD. The rest of the temperatures for each liquid was then fitted with q and α fixed determining K 0 and K ∞ values for each temperature.
In Fig. 6(b) , the relaxation strength ( K = K ∞ − K 0 ) is compared to the high-frequency values of the shear modulus of Ref. 24 . DBP and DC705 have comparable magnitudes of K 0 and K ∞ and relaxation strength K, whereas PD has both slightly higher plateau values and a higher relaxation strength. For all three liquids, the bulk relaxation strength is larger than what is found in the shear modulus data.
E. Comparing to the prediction of the bulk modulus version of the shoving model
Finally, we test the "bulk modulus version" of the shoving model 49 for the temperature dependence of the relaxation time of viscous liquids. The shoving model is based on the assumption that the relaxation proceeds as a series of flow events. Due to anharmonicity it is energetically costly for molecules to rearrange at constant volume and a local volume increase will facilitate such a rearrangement. Flow events in themselves are fast, and the key assumptions of the shoving model are that the surrounding liquid is solid on the time scale of a flow event and that the activation energy is mainly elastic energy of the surroundings. A local volume increase induces a shear deformation of the surroundings, 50 and the activation energy is hence described by the shear modulus 5, 49 (4)).
In the first version (a), DC705 and DBP follow the prediction while PD does not, whereas in the second version (b) all three liquids fail, although PD is doing slightly better than in the first case.
Thus, the logarithm of the relaxation time is a linear function of G ∞ (T)/T assuming the characteristic volume V c is temperature independent. Under this assumption, V c can be scaled out by constructing a parameter X =
running from 0 to 1. In the "shoving plot," log τ is plotted as a function of X, and data should follow a straight line going from the prefactor τ 0 to τ (T g ) defined to be 100 s. Taking the pre-factor to be τ 0 = 10 −14 s, the prediction of the shoving model can be rewritten as log(τ (T )) = 16X − 14.
If K(T)∝G ∞ (T) (as indicated in Fig. 6(b) ), we can substitute the bulk modulus relaxation strength into this expression. It is also interesting to see whether G ∞ (T) can be replaced by K ∞ (T) in the model. Again, if K ∞ (T)∝G ∞ (T), they can be swapped in the shoving plot and give the same result. Both K(T)∝G ∞ (T) and K ∞ (T)∝G ∞ (T) need not be true at the same time, but it is interesting to see which (if any) is valid.
In Fig. 7(a) , we show relaxation times plotted as a function of X K = ( K(T)/T)/( K(T g )/T g ) and in Fig. 7(b) as a function of X K ∞ = (K ∞ (T )/T )/(K ∞ (T g )/T g ). For DC705, the three lowest temperatures were not included in the analysis because of an unphysical increase in relaxation strength discussed in the beginning of Sec. III A which is reflected in Fig. 6(b) .
The shoving model with G ∞ replaced by K describes DBP and DC705 well, while PD does not follow the predicted line. In the case of PD, replacing G ∞ by K ∞ gives a slightly better result. Maggi et al. 24 found the shoving model (with the measured G ∞ (T)) to give a good description of DC705 and PD (DBP was not tested since DBP was not found to obey TTS in the shear modulus spectra), but one must keep in mind that the remeasured PD shear spectra did not reproduce the previously published data, which we speculate to be due to different water content.
IV. SUMMARY
We have presented measurements of the adiabatic bulk modulus for three glass-forming liquids and compared them to measurements of the shear modulus for the same liquids. The bulk modulus spectra for all three liquids obey TTS within the noise. DBP and DC705 show very similar behavior with respect to spectral shapes, relaxation strength, highand low-frequency levels (K ∞ and K 0 ), and in their similarity with corresponding shear modulus spectra. PD differs by having a higher modulus, higher relaxation strength, and significant difference between bulk and shear modulus spectra. The bulk modulus was found to relax on roughly the same time scale as the shear modulus for all three liquids, and it was not possible to draw any clear conclusion about the decoupling of shear and bulk relaxation. DC705 and DBP follow a formal reformulation of the shoving model with G ∞ replaced by the bulk modulus relaxation strength K, while replacing G ∞ with K ∞ gives a poor result for all three liquids. Thus, the two van der Waal's bonded liquids (DBP and DC705) display a "simpler" behavior and differ quantitatively and qualitatively from the hydrogen-bonded PD in the spectral features studied here.
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